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SUMUARY

This revort is the fourth of a series presenting the
results of strength tests on thin-walled cylinders and
truncated cones of circular and elliptic section; it in-
cludes the résults obtained from combined shear and bend-
ing tests on 100 thin-walled duralumin cylinders of circu-~
lar section with ends clamped to rigid bulkheads. The
tests show that as the ratio of monent to shear varies
from small to large values the failure changes from a
shear to a bending type. In the report a chart is pre-
sented that shows the corresponding changes 1n strength.

INTRODUCTION

As part of an investigation of the strength of
stressed~-skin structures for aircraft, the National Advi-
sory Comnittee for Aerouautics in cooperation with the
Army Air Corps; the Bureau of Aeronautics, Navy Depart-
ment; the National fureau of Standards; and the Bureau of
Air Commerce has made an extensive series of tests on
tain-walled duralumin cylinders and truancated cones of
circular and elliptic section. In these tests the abso-
lute and relative dimensions of the specimens were varied
to study the types of failure and to estadlish useful
gquantitative data in the following loading conditions:
torsion, compression, bending, and combined loading.

The first three reports of this series (references 1,
2, and 3) present the results obtained in the torsion, the
compression, and the pure-tending tests of cylinders of
circular section. This remort presents the results ob-
tained in tests of cylinders of circular section in com-
bined transverse shear and bending.
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1TAPZRIALS

The duraluuin (Al. Co. of Am, 17ST) wused in these
tests was obtained from tue manufacturer in sneet fornm
with nominal thicknesges of 0,011, 0,015, and 0.022 iach.
The properties of tuis material as determined by tac
Yational Hureauw of Standards from snecimens seleccted at
randoil are ¢iven in refercnces 1 and £Z. Since all tae
tost cylinders failed by elastic buckling of the walls at
strcoscs considerably below the yiclié-point stress, the
nodualus of clasticity E, which was substantially con-
stant Jor all shcet thicknesses, is the only important
proverty of the materisl that anecd be considercd. TFor
211l cylinders an average value of E (10,4 X 10° pounds
Ter sguarc inch) was uscd in thco analysis of the results.

SFECILENS

The test specimens were right circular cylinders of
75~ and 15.0-1inch radii with lengths ranging from 3.75
to 15.0 inches. The cylinders were constructed in the
folloving nmanner. A duralumin slheet was FTirst cut to the
Cimensions of the developed surface. The sheet was then
wrap-ed about and clamped to eand bulkheads. (See figs.
1 to 4, inclusive.) Witk tlie crlinder thus assembled, a
utt strap 1 ianch wide and of the same thicliness as the
shteet was fitted, drilled, and volted in place to close
the seczmme In the assenbly of the specimen care was talken
to avoid having either a looseness of the sXkin (soft
spots) or wrinXles in the walls when finally constructed,

Ti:e end bullhends, to which the loads were appliecd,
were each constructed of two stesl plates one~guarter
inch thick scparated oy a plywood core l~1/2 inches thick
for the bulkheads of 7.5-inch radius and 3—1/2 inches
thiclz for the bulkkheads of 15,0-incn radius. These parts
were bolted together and turned to the specified outside
diameter., Steel bands approximately one-guarter inch
thick were used to clamp the duralumin shect to the bulk-
heads. These bands were bored to the same diamoter as
the bulkheads.
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APPARATUS A¥D LETHOD

The thickness of each sheet was measured to an esti-—
mated precision of £0.,0003 inch at a large number of sta-
tions Dby means of a dial gage mountecd in a special jiga
In gencral, the variation in thickness throughout a given
sneet was not more than 2 percent of tixe average thick-
ness. The average thicknesses of the sheets were used in
all calculations of radius/thickness ratio and stress.

A photograph of the loading apparatus used in the
tests is saown in figure le Different ratios of moment
to shear were obtained by placing the jack at different
distances from the column. In this way it was possible
to study the transition from failure by shear at small
ratios to failure by bending at large ratios of momeat to
shear. In all cases the cylinder when mounted for tests
nad the seam and butt strap located on the extreme~tension
fiber. Loads were applied by the Jjack in increments of
about 1 percent of the estimated load at failure.

DISCUSSION OF RESULTS

As far as is known there is no theoretical treatment
of the stability of the walls of a thin~walled cylinder
in combined transverse shear and bending. Consequently,
as an aid to the interpretation of the results of the
tests herein considered, some of the important factors
will Dbe discussed. : -

From purely physical considerations it is clear that
the magnitude of the shear V and the moment M relative
to the size of the cylinder should be considered in the
analysis of the test results, Consequently, V, li, and r
(vhere r 1is the radius of the cylinder) have becen com-
bined to form a nondimensional term %V that is doscrip~
tive of the loading condition. Physically, the term EV

T
is the distance from the section under investigatioan to
the resultant shear force in terms of the radius of the

cylinder. (See fig. 5.)
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If it is assumcd that the ordinary beam theory applies,
as was done in the avnalysis of thic results of the pure-
bending tests on thii—-walled cylinders (reference 3), it
follows that before buckling occurs the compressive stress
on the extreme fiber and the sunearing stress at the neu-
tral axis are, respectively

Ty = —ap (1)
b m r°t

A 3 o _ v _

ﬂﬁdA Ly = .TT Tt (2)

In these eqgrations ¢t 1is the thickness of the cylinder
valle :

If equatioﬁ (1) is divided by equration (2) the £0l-
lowing relation is obtailned:

£ i1
-2 1]
;. T IT . (3)
v r : :
- Syl M A e s o
Thus, a pnarticular value of 7 is descriptive of a. def-
pa; T

inite stress condition as well as a definite loading con-
ditior in the same smanner that torsion, compression, and
purce bvending arc descriptive of definite stress condi-
tions, and hence defirite loading conditions. In the anal-
ysis of the results of the tests, the variatioa of the
bending stress at failure with ﬂf' is .studied feor cach of
the Jollowing groups of.cylindérs’tested. (For the tabu-
latcd data,. see tables I and II.) s

| T - [ . ,
1 ’ Nominal sheet
Crogp R S ixip/r» r/t thickaess
R SO S U S
| Inches Inch
1 7.5 1.0 323 - 356 0.022
A 75 1.0 452 - 490 IO RA!
3 - 7.5 e 5 586 - 870 .011
4 - TeD 1.0 625 - 5%4 011
5 7¢5 2.0 { - Bb81L - 588 .C1l1
6 15.0 1.0 547 - 746 .022
7 15.0 1.C 932 - 98C L0105
8 15,0 1.0 1297 - 1455 011
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From figure 2 it will be noted that failure always
occurs over an area of the cylinder and not at some par-
ticular station between transverse bulkheads. It will De
further noted from figure 5 that the bending stress varies
linearly between dulkhecads. Thus, instcead of plotting the

1
bending stress at failure againgt %f as calculated at

only one station, it is desirable to plot these values for
all stations along the length of the cylinder., This meth-

0d amonnts to plotting %he bending-stress diagram with %V

as the albscissa scale.

On figure 6 are plotted vendiung-stress diagrams for
cach test cylinder with ordinates of stress fq divided
by the modulus of elasticity. An inspection of this fig-
ure, together with the photographs of the types of failure
(figs. 2, 3, and 4), reveals a transition from a shear
type cf failure at. small values of 7 to a veanding type
of failure at largc values of %f' In the following dis-
cussion separate consideration will be given to bending
failure, shcar failure, and the transition from bvending
to shear failure,

rV

Bending failure (large values of M_ .~ At large val-

ueg of ¥§ failure occurs by a sudden collapse of the

outermost compression fibers in the same manner as in the
pure-~bending tests reported in reference 3. (See figs. 2
and 4,) It is therefore reasonable to suppose that at
these valucs the bending strength of a thin-wallecd cylin-
der snould approach the strength of a cylinder of the same
dimensions in pure bending.

Por comparison of thé present results with the re-
sults of the pure-bending tests reported in reference 3,
lines a and b have been drawn on figure 6 represent-—
ing the upper and lower limits of the strength ian pure
bending, These limiting values represcnt tie dispersion
of the results of the pure-bending tests and were obtained
for cylinders of the average radius/thickncss ratio in
each group by interpolation of the resulis plotted in fig—
ure 5 of reference 3.



6 T.4.0.A. Technical Note Lo. 523

Upon reference to figure 6 it will be noted that, in

general, the bending-stress diagrams rlot between lines
: ) M s . .

a and b at large values of ;; . Since slight iamper-.
fections in the cylinders cause wide. variations in the
bending strength (refercnce 3), the fecw diagrams that plot
outside the band established by lines a and b probadly
represent cylinders in which the imperfections were great-
er or less than those of the cylinders tested ia purc bend-

lﬂgo

54
Shear failure {(smnll values of %v).~ At small values

of L? failure occurs in shear by the formation of diago-
nal shear wrinlkles on. the sides of tiae cylinders. (See
figss. 2 and 3.) It is therefore reasonadle to suppose
tnat at these values the shear streangth of a thin-walled
cylinder should be closely related to the strength of a
cylinder of the samc dimensioas in torsion (pure shear).

For comparison of the present results with the re-
sults of the torsion tests reported in refereancc 1, lines
¢ and d have been drawn on figure S representing the
probadle vrper and lower limits for shear failure. Thesc
cqua

lines worc obitained Dy plotting the tion
£, S A
-2 = -8 - : (4)
z = TV

Squation (4) is obtained from equation (3) by tran
posing terms, dividing by 2, and substituting Sg for

f.., where S igs the shearing stress at failure for a
v s . i
thin~walled cylinder c¢f the samec dimensions in torsion
T
(pure shear, reference 1 or 4). Thus, the value of —— as
Pt

given by equation (4) is tTe critical comnressive strein
on-the extreme fiber when failure occurs in shear, provid-
ed that the shearing stress at the nentral axis when fail=-
ure occurs is the same as the sheariag strcss at failurse
for a cylinder of the same dimensions in torsioan, Tuae
lines ¢ and d for shear failure in figure 6 arc shown
for the two values of Sg calculated as outlined in ref-

crence 1 for the largest and smallest radius/thickness
ratio for each group of cylinders.
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Inspection of figure 6 shows that in some cases the
. . M
bending~stress diasrams at very low values of 7 cor-

recsponding to shear failure, plot above lines ¢ and 4.
This fact indicates that the transverse shearing stress
on the neutral axis at failure is higher than the shear-
ing stress at failure in torsion. In order to obtain tae
quantitative relation existing between the two values,

£ ;
EE ig plotted against %F in figure 7 for cach of the
3 ] | f
tests. It is scen thea that as == ->0 the ratio =V
rV S s

approaches a value between 1.20 anda 1.38. Thuws, if Sy

is the shearing stress on the neutral azis at failure in
pure transverse shcar and Sg 1s the shearing stress at

failure for a cylinder of the same dimensions in torsion,

S, and Sy may be related by the following approximate

eguation
Sy = 1l.25 Sg (5)

ate values of M_
rV

6 and figures 2, 3, and 4 that the transition from shear
to bending failure is not always as abrupt as the inter-
section of lines a and Db with lines ¢ and 4 might
e . . M .
indicaté. At the intermediate values of T the transi-
tion from failure by shear to failure dy bending is accom—
panied by a slight reductioun in strengtih. (See groups 32,
4, and & of fig. 6 in particular.) The following discus~
sion is offered as a possible explanation of the transi-
tion.

e~ It can be seen by reference to figure

Waen an elastic body.is sudjected to one type of load~
ing such as torsion, pure bending, compression, or any
other loading, 1t has in general a definite resistance to
that loading at which elastic failure occurs and this re-
sistance is ordinarily diffecrent for each type of ioading,.
If such a body should be subjected to two or more diffcr-~
ent trpes of loading simultancously, it cannct offer as
sreat a resictance to cither type of loading as if that
type of loading were acting alone. In sucin a case the
following avproxination may te uscd:
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fl fz . fn
== 4 ... o= 1 (8)
S, Sa Sy
aeeen Sn are the critical stress values

types of loading acting alone on the vody,
f are the allowable stress values

pal

ame types of loading when acting simultaneous-

Since a cylinder uander conbined transverse shear and

bendirg 2as va

rying stress conditions around its periph-—

ery, tae avplication of equation (6) is made in the fol-

lowing manuer. The vending stress at any point 6 de-
grces avove the ncutral axis is
i, sin 6 3
f., = - T-— = -~~~ sin 6 (7)
. 0 T™Trt mrot
The longitudinal shearing stress at this same point
is
- " <
. Y 2t r° cos 6 V _cos ©
fy = L28.r7 cos® = T.cosf (8)
ut ™ T t
It is very probable that certain clements of the cyl-
inder reach a criticol state of stress vefore others and

that these latter thean talie a greater proportional share

of the load.

cyliander occurs

It is
whea

aassuned, however,
all elements have

that collapse of the
reached such stress

conditioas that for some fiber the following equation
holds
fy Ty .
Loe 2= (9)
v Sy
Because of the variation of stress around the periph-
ery

U 1is

a maximun

fy fp
—— —_ = U = {6 10
5. St (8) (10)
The location in the cyliader of the eclement 6, for which
is obtained by setting the derivative
Thus, substitution of the values for f

equal to zero.

v
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and fy given by equatioms (7) and (8) in equation (10)
gives : .

U = M sin 6 + V cos B (11)

mr°t Sy T ort Sy

and the derivative is

dU _ M cos © Vv sin 6
ab T ret Sy mwrt Sy
from which
9m = tan v Sb \12)
Failure is assumed to occur when U = 1 for the el-
enent Bm degrees from the neutral axis on the compres-
sion side of the cylinder. With these substitutions,
equation (11) becomes
M sin € V cos 6 '
1 = ST + £ (13)
mr°t Sy m rt Sy
The solution of this equation for M and V, remembering
that
M Sv
tan & = F 5y
gives
M = mr®t Sy sin 6 (14)
V = mrt Sy cos Oy (15)

~ The strength of a cylinder in pure bending and pure
transverse shear is, respectively

M = mr3t Sy (16)

v ™ Tt S, (17)
Since sin €6y and cos 65 can never exceed unity, equa-

tions (14) and (15) show that the p resence of shear re-
duces the bending strength and, conversely, that the pres-
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ence of bending reduces the .strength in shear. Because
equations (14) and (15) are related, Dboth having been de—
rived from equation (13), orly one of them need be used

to measurc the strength of a cyllnder in comolned trans—
verse shear and tenlding.

In order to show the effect of shear upon bending in-
the most effective manner, it is desirable to express the
strength of a cylinder under combined transverse shear
and bending as a nercentage of .the strength. in pure bend-
inz. The curves of figure 8, derived from equations (14)
and (15), show this relation as a function of the ratios
1 Sy o :
—— and —.

TV Sy
In figure & the full=éurved lines were obtained from
St
figure 8, using in one case the value of" 5o correspond-
v

ing to_lines',a' and ¢, and .in the other case the value
S'b . . M o 7 - ‘ .

of s corresponding to 1ines b and d. An 1nspect10n-
‘?

of the figures indicates that these two curves represent

quite well the 1im1us of the experimental data plotted.

- In order to use the curves of figure 8 in design, it
) oL M o .
is necessary %o know the lOddlﬂg condition %V and to be

able to predict the nalues qf Sy and Sy for the cylin-

der. If tnese three qua 1tities are known, the meximunm al-
lowable moment and/or stress on the cxtrenec fibder can be
read from +“c chart as a percentage of that for pure bend—
inge. The strength in shear thon neecd not be investigated
beccause its effect has been talren into account by a re-—
duced bending strengthe.

When cncchlpg t%e strength of any section between ad-
. C : . “ -
Jacent bulzheads, the lar ost vaolue of IV in that secc-
tion should be used to eanter thc chart of figure 8. This
proccdure tends toward conservatism and is certainly Jjusti-

ficd by the wide 3cattor1né of the test datea,

W;lgglc o~ In the preceding paragrapis it has been
shown that:the strength of a thin-walled cylinder in com-
oined transverse shear and bending can be correlated with

the strength of a cylinder of the same dimensions in tor-
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sion and pure bending, depending upon whether %V is
small or large, respectively. It would therefore appear
that the size of the shear wrinkles that form on the '
sides of the cylinder and the bvending wrinkles that fornm
near the extreme fiber on the compression half of the
cylinder would be the same size, respectively, as the
wrinkles for torsion and pure bending. Consequently, ex-
perimental wvalues of Xk, as defined by the equation

where A, is the wave length of a wrinkle in the direc-

tion of the circumference, are compared with the corre-
sponding values of k for torsion and pure vending. From
table II, where the compariscn is made, it will be noted.
that values of Xk . as .calculated for the shear and bend-
ing wrinkles compare very well with those tavulaced for
cylinders of correspouading dimensions in torsion and

rure bending, reéspectively. .

CONCLUSIONS

’ ' A . .
ls ¥Yor large values of %— failure occurred in bead-

ing by a sudden collapse of the compression half of the
cvlinder. The stress on the extreme fiber as calculated '
by the ordinary beam theory and the size of the wrinkles
that formed were bolh equal to treir respective values for
a cylinder of the same dimensions in pure bending.

- F » M : ..

2 or small values of o failure occurred in shear
by the fornation of diagonal wrinkles on the side of the
cylinder, The size and form of the wrinkles at failure
were the same as those that occurred at failure for a cyl-
inder of the same dimensions in torsion (pure shear). As
91

;f approached zero, the shearing stress on tihc neutral

axis at failure as calculatcd by the ordinary bveam theory
was approximately 1.25 tinmes the allowable shaearing stress
in torsion,

r

3¢ At intermediate values of ﬁ€ thecre was a transi-
T

tion from failurc by bending to failurec by shear that was
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acconpaniod by a reduction in strength. For use ian calcu~
lating the strength of thin-~-walled cyllddcrs in combined
transverse shear and bending, 'a chart is presented that
allows for this reduction in strength,

Langley Memorial Aeronautical Laboratory,
¥ational Advisory Committee for Aeronautics
Langlecy ¥ield, Va,, March 4, 1935,
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For all cylinders,
fy/%, and M/rv, taken at bulkhead supported on column.
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RESULTS OF COMBINED TRANSVERSE SHEAR AND BENDING TESTS

—

T = 10.4 X 10®° 1b. per sq.in.

13

Tabulated values of fy,

(See fig. 1.)

Group 1 r= 7.5 in. 1 /r=1.0
J 1 f
Sﬁi?' t % v M fv Y -53' 3? Remarks
in. i 1b.]1lb.-in.J1%./sq.in.|ib./sq.in.
177 (0.0222 823;3593 27400 A580 6630 1.0210.000643 | Failure
183 .02091359: 2663 40080 5410 10860 2.C1} .0C1045! First
wrinkle
2€88] 404€0 54€0 10960 2.01} .001054, Failure
188 .0210|35712412] 46490 4280 12520 |2.57} .C01205] Failure
164 0209|359 1753| 40540 3560 16980 3.09| .0Cl0E6| Failure
187 .02081361;2488] €3C10 5080 17320 3.41) .0016€6) Failure
1es 0210125711978 50860 4000 13710 3.43"1 001318 railure
1g5 .02051366{1268) 40070 2620 1106C 4.21} .0Cl063| Fzilure
1€5 .Q2081361{1508| 55020 3080 14890 4,87} .CC1441, Failure
150 L02071362]1138] 42170 2520 11320 4.94! .C01i07| Failure
191 020713621 992t 57770 2030 15750 7.761 .001514! vnilure
Group < r =7.5 in. 1 /r = 1.0 -
.A r WA 2
ngc SRR M fy fy ;\%‘ I-Et.:— Remarks
in. 1b.]1b.~in. | 1b./sq.in.|{1b./sq.in.
176 |0.016€ 4521413 10820 3615 3580 40.29|0.000370| First
wrinkle
17231 12920 4410 4400 1.00} .000422 ) Failure
175 01567481 | 15331 11450 4130 4150 1.00! .0CC0C39¢) First
wrinkle
15934 11910 2330 4320 1.00| .C0041E)| Failure
161 01644571378} 20830 3E70 71€0 2.02{ .000690| First
wrinkle
13981 21130 3620 7250 2.02! .C00701 Failure
178 .0157(478110331 16270 2720 5850 2.10} .00o0562] First
wrinkle
1103, 17339 2280 €230 2.09| .CC059%] Failure
1e2 .0159(472]1148| 22140 S060 7880 2.87| .CO0756|Failure
180 .01571478{1128| 24910 3C50 §970 2.94) .0008&2) Pailure
17¢ .01531490| 7081 23270 16350 85€£0 4.38] .000825! Failure
173 .01551484( 381; 25060 1045 9150 €.78] .000879] vaiiure
174 .0157Y4781 273, 18250 737 6925 2.401 .000E6€| Failure
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TABLE I (Cont.)
Group 3 r="7.5 in. 1,/1':0.5
. H | ‘ £
Secd y [ R vy om £, £y Ll 2 [Remarks
in. 1b.|1b.-in.|1b./sq.in. |1b./sg.1n.

111 {0.0121 620! 843| 5380 2360 2510 0.850.000241| Tirst
wrinkle

11.43! 7310 4010 | 3420 .85 .000229| Failure

78 | 0115|652 essl 7260 2145 3580 1.46 | .000344| First

| | wirinizle

928} 10109 3425 4970 1.45| .000472| Failure

1! .0112|570]| 843] 9710 3195 4305 1.54] .000472] First
virinizle

£035[10400 3430 5250 1.53| .0003505! Failure

114 | .0117|641| 563] 8800 2060 250 2,07 | 000479 First
wrinkle

65310040 2265 4830 2.05| .000486| Failure

110 | .0120/625| 703110780 2480 5030 2.051 .000489] First
‘ wrinkle

753111500 2660 5420 2.04 | .000521! Pailure

108 | .0119{630| 588! 9100 2100 4330 2,06 | .000416] Firct
wrinitle

638]10550 2460 5020 2.04 | .000483| Failure

76 | .0113]663| 753|11500 2830 5750 2.04 | .000533| Feilure
113 | .01161646{ 65810130 2410 490 2.05 | .000473| Pailure

107 ! .0118635] 668|12030 2400 6230 2.60 | .000801] First
wrinkle

738 (14290 2655 6340 2.58 | .000637|Pailure

104 | .0114(658| 488| 9730 1815 4850 2,67 | .00045€! First
wrinile
628/12310 2335 6090 2.61  .000586 Failure

77 1 .0114(658 | 653 {13140 2465 6500 2.64 | .000625! Pirst
'wrirltle
678 {17420 2520 5640 2.64 | .000338! Pailure
106 | .0116 |646 | 56312530 2060 6300 2.20 | 000554 Failurs
94 | .C1l28|586 | 51318460 1700 8180 4,80 | .000796| Pailure
97 | .0121R20| 4131153580 1450 7180 4,96 | ,000650| Failure
105 | .0116 {646 | 35813650 1210 6560 5.09 | .0006<0!Failure
95 | .0119(630| 41317990 1475 8570 5.81 | .000224| Failure
101 | .0116 (646 | 33815670 1237 7640 6.18 | .000734| Fzilure
96 | .0120{625! 218|1£050 1125 710! 6.31 | .000682Failure
103 | .0120 6251 308 |14740 1090 6930 6.38 | .000668|Failure
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Group 4 r = 7.5 in. 1/r =1.0
Specely I E| v £ i U fv  |Remarks
No. t g v D ;:7 =L emarks
o
in. 10.{1b.-in. |1b./s¢.in. |1%./sg.in.

15 10.0110| 662; 579 4570 2235 2355 1.05]0.000226{ First
wrinkle
69€| 5570 2620 ZE70 1.07| .C00276|Failure

g5 { .0114|688{529; 4150 1975 2055 1.05] .0C0197| First
wrinkle
722 57%0 2680 28570 1.07| .00027€|F2ilure

11 | .C111|6751586] 7130 2240 2640 1.62| .000350| First
wrinkle
€66! €070 2540 4120 1.62| .COC398|Failure

g7 | .0110!682] 474! 5810 1830 2980 1.63| .000287| First
i wrinkle
583| 7370 2310 2780 1.64] .0C03€3 | Failure

£3 | .0115! 652|544 6680 2010 2290 1.64| .0C0316| First
wrinkle
€02| 7450 2245 3620 1.64| .00C355 Fzilure

£l | .0115|652]519] €920 1915 4390 2.29{ .000422| First
| iv:rinkle
Fo~ 581 9940 2145 4900 2.28| .000471|Failure

12 .0113-669'375 £340 1800 4210 2.24| .000405| First
. ; rwrinkle
M- 1575 10010 2180 5050 221 ,000485!Failure

75 1 L0112 6631474 9070 1780 4535 55| .00043A! Tirst
- wrinkle
504| 9610 1895 4805 2.54! ,0004€2|Tailurs
31 | .01111675;472| <22 1810 4710 2.F1 | 000453 |Tailure

74 | .0114!658|388| 2800 1440 4250 3.02 | .000418! First
wrinkle
4581 10240 1700 5070 2.95| .000487|Fzilure
73 | .0112|669]453| 10140 1715 5120 2.98] .000492|Failure

13 | .0106|€94!395| 9280 1550 4860 3,13 | .0CC467| First
. wrinkle
400| 9380 1570 4910 3.13 | .0C04A72:Failure
92 | .0114'€58|2433| 11950 1610 5520 3.68| .000569! Failure
91 | .01126€21393 | 10970 1490 5540 .72 1 .000E33 ! Pailure
89 | .0112(862172¢| 9390 1245 4740 2,61 .000456! Pailure
72 | .o116164€!378| 13330 1385 €500 4.70| .0COE25] Pailure
71 | .0117 641278 | 12230 1370 €440 4.70| .CCOS19|Failure
16 | .01101682 (375 13350 1450 6320 4.73{ .OC0€61| Failure
69 | .0115{6301308| 15770 1095 7470 6.683 | .C00722] Failure
7C 1 .0119 /630258 1542C 1060 7310 6.90 1 .000706| Failure
14 | .0108(694'186{ 11870 720 boe1gu 8.48{ .0C0595| Failure
112 | .0120{625157 | 15050 555 o120 12.€3 | .0COE€4|Failure
93 | .0115|652 152 | 14750 560 7280 13.00 | .00C7C0!| Failure
37 | .cliel€35]126{ 12500 453 6480 14.28 | .000620| Failure
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TABLE I (Cont.)
Group & r= 7.5 in. l/r= 2.0
i ¢
Sﬁi?‘ E ; v I M fy fy 27 EQ_ Remarks
in. 1v.|1lb.-in.|1b./sq.in.|1b./sq.in.

65 C.0114, 658 | 314| 3170 1170 157 1.25{0.000121 First
wrinkle
o206 5570 1880 2770 1.47| .OCC265 | Failure

17 01111676 { 410 4590 1570 2240 1.49| .0C0R225 First
wrinkle
10 5850 1250 3010 1.54] .C0C2&9 | Failure

100 .0115) 652 | 4€3 6790 1710 2350 1.96] .0COE22 First
wrinkle

503 7400 1860 3450 1.981 .Q00351 | mailure

18 .0111) 675 | 455 6640 1740 2290 1.95;] .COCZ2¢ First
i wrinkle

510 7480 1980 3820 1.96! .0CCZ67 | Fsilure

29 .C113! f64 | 5371 11560 2020 5780 2.87] .C0CZ5F | Failure
67 .0120| 825 | 479, 10350 1695 4£80 2.88] .0004€8 First
wrinkle

41| 10610 1740 5010 2.88 .000481 | Failure

19 .011D] €82 | 255 £590 1525 4430 2.90; .000426 First
wrinkle
410 8900 150 4580 2.90] .C00440 | Failure

99 .0120) 625 | 444 11570 1570 5460 3.47( .000E2E First
wrinkle
469} 12195 16€0 5750 3.46] .00CH83 | Pailure

98 0120} 625 | 419 10850 1480 5160 3.49| .00049¢ Tirst
wrinkle
4641 12070 1640 56390 3.47! .000547 | Failure
64 L0115 €46 ¢ 361 11€90 1320 58C0 4,39 .C00557 | Failure
20 .0116| 647 | 3851 12690 1405 61390 4,40 .00QuE95 | Failure
66 .0129]| 561 | £09| 1A/9SC 1675 7440 4,440 (CG0NT14 | Tailure
65 .0114; 658 | 229 740 1080 4850 4,491 (COC4R3 | Failure
A3 L0117 675 | 249 12400 954 £330 f.edp L0C 208 | Failure
2l .0105! 688 ! »30! 12890 1010 €730 £.653 000046 | Teilure
€2 L0117 841 | 20| 14360 797 (940 8.70! .07CERT | Fallure
61 L0117t 641 | 310} 13¢4C 7€C 6740 .86 .CUUB47 | Failure
22 .0114; €56 | 205| 13870 765 600 9.C2{ .CCCERC | Frailure
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TABLE I (Cont.)
Group 6 r = 15 in. 1/r = 1.0
Spec. - ) T S T .
No. t T v M £, fy, i g Remarks
in. 1b.|1b.-in.|1b./sq.1in. |1b./sq.in.
224 {0.0206|728|2315| 26530 | 2386 2510 1.05{0.000241|Failure
223 | .0221{679(2375| 53000 280 3390 1.491 .000326|Failure
228 | .0224|670|2145] 66800 | 2030 4220 2.08| .000106|Failure
226 | .0213704{1885| 59000 | 1880 3920 2.09| .000377|Failure
225 | .0201}|746|1185| 57200 | 1250 4020 3.22| .000387|Failure
227 | .02311649|1485| 73100 | 1365 4470 3.28| .000430|Failure
A
Group 7 r = 15 in. 1/r = 1.0
Spec. r I i T
bﬁzf b F] VoM £, £y o - |Remarks
in, 1b.{1b.-in.|1b./sq.in.|1b./sq.in,
218 [0.0155| 968 1065 16630 1457 1518 1.04/0.000146| First
wrinile
1165]18120 1595 1655 1.04| .00015¢|Failure -
222 | ,0153|980] 825|18890 1145 1747 1.53| .000168| First -
‘ wrinkle
1010( 22970 1400 2125 1.52| .000204|Failure
219 .0161/922| 985/31970 1200 2310 16| .00C270 |Failure
220 | .0161{932| 765|30870 1008 2710 2.69| .000251|Failure
217| .0161{932| 585|30770 770 2700 3.51| .000250 |Failure
221 | .0158|049| 525|30830 705 2760 3.92| .000255 |Failure
Group 8 r = 15 in. 1/r = 1.0
. l R
Spec. T } fp K
ﬁo. t TV M £y fp g 5 Remarks
in, 1b.{1b.-in,[1b./sq.in.|1b./sq.in.
209 |0.0103|1455/405| 6800 834 932 1.1210.0000896| Failure
214 | .0111}1352|315110210 602 1300 2.158) .000125 | First
wrinkle
425113190 812 1630 2.07| .000151 |Failure
210 | .0116,1293|485|16390 37 2050 2.32] ,000198 |Failure
213 | .0106:1415|335{14300 372 1045 2.90| .000187 |Failure
212 | .011011364|305(1.5100 508 1540 3.30] .000187 |Failure
211 | .0110|1364{275{1500 350 2172 4,10| .000203 |Failure
216 | .0103|1455[125|13225 257 1615 7.06| .000175 | Failure
215 | .0105|1428|105|12330 212 1650 7.83| .000160 |Failure

W
R N

.
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Figure 1l.- Loading apparatus used in cdm'bined transverse shear and

bending tests.
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Figure 2.- Side view of circular oylinders after failure in combined
transverse shear and bending tests, cylinders of group 5
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Figure 4.- Cylinders after failure in pure bending
(fig. 3, reference 3).

Fig., 4

= 949

22



s
. -.,'j’ff_‘
LA

+

¥.A.C.A., Technical Note 1j0.523

23

ry
H.

m
[$]]

o (d-x)

Cylinder

H
'
!

Ty

V = resultant shear

force.

Sheer diagram

A

///’AM
. ///
Moo= 7(4-%) - i
.7 I
-~
-
-~ - g }
_ |
-7 | ;
<. — — IL IC
Yoment diagram |
£
/4 0
1 ¥4 -y
fb - o _
52 P
Tret L
-
/”
-~
-
-

e e it e e e s

S S,

Bendinv-stress diagram

Figure 5.-Snear, moment, 2and tending-s
combined transverse si n

l.“



b

N.A.C.A. Technical Note No. 523 Figs. 6a,6b
.0018
!
cl.7T Id
070) =] S S T O /4 S A e ol OO O
A+ — e
.0014 Vi A £
// = /
Ibl, |
.mna———————-7w A?/ —Zi~——_—~—- -+ o e L T
f// e
f‘
.0010 ==
b // A
E /]
.0008 // 7
G 1
.0006 7 éf it
/l
.0004 /2
//
.0002}
0 1 2 3 4 b5 8 7 8 9 10 11 12
M/TV

Figure 6a.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending.
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Figure 6b.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending.
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Figure 6¢c.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending.
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Figure 8d.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending.
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Figure 6e.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending.
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Figures 6f,g,h.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending..
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Figure 8.- Chart for bending strength of thin-walled cylinders sub-
jected to combined transverse shear and bending.
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